Continued investigation of the behavior of water in the cell has led to a study of the movement of liquid protoplasm.
the white line and in the opposite direction below it but the white line is devoid of motion?
The white line is a region devoid of chloroplasts and may represent a very thin portion of the protoplasm; this is suggested by the fact that as the white line is approached the chloroplasts get smaller as though the protoplasm were thinning out. The motion on one side of the cell is therefore separated from the motion on the opposite side by a plane devoid of motion. At the edges of this plane the white line appears. This plane often acquires a spiral twist.
The motion is shown by particles suspended in the liquid and it is evident that in this plane the particles are subjected to equal and opposite forces and hence do not move.
It would seem that very little energy is required to maintain the motion since the cells in weak light can continue to show cyclosis for several weeks.
To investigate the cause of the motion it is desirable to be able to stop it and start it again in any part of the cell at will. The writer has used for this purpose 4 lead acetate, Pb (CzI-IsO~)2.3H20. The results of numerous experiments may be summarized as follows: Applied at a concentration of 0.01 M to the entire cell lead acetate stops the motion and if the exposure does not exceed 1.5 hours the motion usually returns within 2 hours after the reagent has been replaced by distilled water.
If only a part of the cell is exposed to the reagent the motion continues elsewhere and the cell tolerates a longer exposure than when the whole cell is exposed. If the exposure is prolonged the lead acetate spreads to regions not in immediate contact with it and this action is aided by the cyclosis in the unexposed regions. If too much of the cell is exposed for too long a period the effect may not be reversible. As a rule the effect is reversible if not more than half of the cell is exposed for not more than 3 hours.
When motion is resumed in any part of the cell it is in the same direction as before the interruption occurred.
In the region exposed to lead acetate the chloroplasts contract after a few minutes but they expand again when the reagent is replaced by distilled water 4 if the exposure does not last more than 1 hour. In contracting, the ellipsoidal chloroplasts become spherical with the diameter of the sphere less than the shorter diameter of the original ellipsoid. This shows that there is an actual contraction and not merely a change in the orientation of the chloroplasts.
How are these effects produced? The action of lead acetate appears to be chiefly due to gelation as indicated by experiments with the centrifuge.
When cells (5 to 8 cm. long) were half covered with 0.01 M lead acetate, (the 3 When large colloidal masses extend clear across the vacuole they may rotate because they are subject to motion in opposite directions on opposite sides of the white line. 40sterhout, W. J. V., J. Gen. Physiol., 1945, 29, 73. other half being in contact with distilled water with a vaseline barrier between), cyclosis stopped in the half treated with lead acetate in 1 to 3 hours. Treatment at 338 times gravity for 10 minutes produced no effect. The speed was then increased until a displacement of the chloroplasts occurred. In all of the cells so treated a force 473 times gravity applied for 10 minutes sufficed to displace all the chloroplasts in the half previously covered with distilled water and to carry them to the centrifugal end of the cell, but the chloroplasts in the half treated with lead acetate were not affected. This is true whether the half treated with lead acetate is in the centrifugal or centripetal half of the cell. This indicates a higher degree of gelation in the region treated with lead acetate. If we apply a toxic substance such as 0.3 ~ acetic acid 5 to a portion of the cell we obtain a permanent stoppage of motion in the exposed region. The motion may continue for a time elsewhere (just as when a temporary stoppage is caused by lead acetate) but only if the rest of the cell is covered with oil to prevent intake of water. 4
DISCUSSION
The first problem to consider is how metabolism is able to produce motion in the protoplasm. We know that the hydrolysis of proteins occurs wherever metabolism goes on. Since this produces electrostriction and loss of volume it seems possible that it may cause motion in the protoplasm.
The loss of volume in electrostricfion is due to electrical forces which come into play as peptide bonds are split and amino acids become free ions.
Let us suppose that we have 1 ml. of protoplasm containing 0.24 ~n. of protein. For purposes of calculation we may consider all the amino acids to have a molecular weight of 100. We therefore have 0.0024 M amino acid.
When the pepfide bonds are split in hydrolysis the loss of volume due to electrostricfion may be taken as 13 ml. per tool? Hence the loss of volume is 0.0024 (13) --0.031. This amounts to a loss of volume of 3.1 per cent. This loss of volume may be much greater due to other reactions described by LinderstrUm-Lang. ~ Other reactions can also cause electrostriction but emphasis is here laid on the hydrolysis of proteins since it occurs wherever metabolism is going on.
If proteins are synthesized chiefly in the vacuole and then diffused into the protoplasm, there will be a continual supply to provide for electrostriction.
Let us now consider the mechanism of motion. For convenience we may regard the protoplasm as made up of sections labeled A, B, C, etc. down to Z, so that a particle starting at A and making a complete circuit of the cell passes through each in turn and, arriving at Z, passes on to A and continues around the cell. We assume that motion is absent because the metabolism is very low and the viscosity very high.
A reaction now lowers the viscosity in A and B and electrostriction takes place in B. The effect is the same as if water escaped from B into the external solution causing liquid to flow from A to B to make up for the deficiency. A will suffer a loss of volume unless water enters from the vacuole. There is no flow from C to B on account of the high viscosity of C which renders motion impossible. These reactions now occur in C, D, E, etc. in turn, thus setting up a reaction wave which travels around the cell to Z.
When the reaction wave reaches Z and passes to A there is a flow from Z to A. But there is no loss of volume in Z since water flows into Z from the left and from the vacuole. In the meantime a new reaction wave has started in C drawing water from B to C so that there is no flow from B to A.
We may suppose that several such waves travel continually around the cell causing a flow from left to right.
If water moves from the vacuole into the protoplasm there will be a flow in the vacuole. The inner surface layer (Y) of the protoplasm offers some resistance to passage of water as shown by the fact that motion may be different on opposite sides of this layer as stated below.
This outline is presented as a hypothetical picture of the factors which might produce the motion. The assumptions made here do not seem to be contradicted by any of the observations. It is evident that the slowing or stoppage of motion might be due to decreased metabolism or to increased viscosity. Certain reagents produce this effoct temporarily so that the motion returns when the reagent is removed but others cause permanent cessation.
If a reagent which kills the protoplasm is applied to any section of the cell the motion stops in that section but continues elsewhere for some time. * If the motion is going on from A to E when the rest of the celt is killed it would seem that some water might enter the protoplasm from the vacuole at A and temporarily disappear by electrostriction or escape into the vacuole at E in spite of the fact that the non-aqueous layer Y hinders the flow of water from the vacuole into the protoplasm and v/ce versa. But we must remember that the loss of volume by electrostriction may be compensated by the gain in the volume of the protoplasm due to synthesis of proteins. Hence it may not be necessary to suppose that water enters the protoplasm from the vacuole.
We assume that the reaction causing electrostriction recurs at intervals at B and passes to the right thus keeping the flow going from left to right. In such cases it is difficult to determine how many of the particles arriving at E are deposited in the protoplasm and how many cross the white line and return in the opposite direction.
What is said here applies equally well when the stoppage of motion takes place in a temporary manner. We then find that when the motion is resumed it proceeds in the same direction as before the stoppage occurred even if all motion has stopped in the cell. This indicates that the two sides of the cell (on opposite sides of the white line) are not alike since each has its own characteristic direction of motion which persists after motion ceases. Hence the two sides differ and we have what may be called lateral polarity.
It might be suggested that when a reagent stops cyclosis the reaction wave continues but cannot cause movement owing to the high viscosity of the protoplasm. This must be considered in discussing lateral polarity. It probably fails to apply when complete stoppage is due to mechanical shock. Here the changes are relatively rapid so that alteration of viscosity seems to be less important as a cause of stoppage. In any case it may be difficult to determine whether or not stoppage is complete in all parts of the cell.
We also have longitudinal polarity as shown by the fact that when a long cell is freed from neighboring long cells and from "leaves" and kept at 15°C. new shoots appear at one end and roots grow out at the other end. These new growths arise from small cells located at the ends of the long cell.
It does not seem probable that the direction of motion can be controlled by the protoplasm at the ends of the cell for the relative amount of this protoplasm is extremely small.
If motion has temporarily ceased in any part of the cell we may suppose that when it resumes, the procedure follows the pattern already described for the initiation of motion (page 522).
If we cover one end of the cell (a) with distilled water and the other end (b) with 0.2 M to 0.5 • sucrose or with sea water of the same osmotic pressure, separating the liquids by a barrier of vaseline extending clear around the cell, water enters at a, passes along inside the cell, and escapes at b. As a result we see a rush of vacuolar particles from a to b. If we observe a region where the white line is in the center with protoplasm moving from left to right above the white line and in the opposite direction below, we may find that at first the rush of liquid in the vacuole does not affect the protoplasmic movement so that below the white line the protoplasm maintains its normal direction from right to left, while the vacuolar particles move from left to right. A little later we see that the particles in the protoplasm below the white line stop or move in the same direction as those in the vacuole.
If we replace the solution at b by distilled water, there is a rush of vacuolar particles s from b to a and eventually the protoplasm returns to the normal direction of movement which it had before any solution was applied at b.
SOME ASPECTS OP PROTOPLASMIC MOTION
This indicates that the longitudinal and lateral polarity have not been altered by the treatment.
We may now consider methods of controlling the motion. On the basis already set forth this should be possible by controlling either the reaction causing the motion or the viscosity of the moving mass. It is difficult to distinguish between these factors.
According to the results of Ewart, 9 the temperature coefficient Ql0 of streaming in NileUa is approximately 1.5. This does not show definitely which factor is more important.
The experiments with the centrifuge described above (page 520) indicate that lead acetate stops cyclosis by causing greater gelation of the protoplasm.
It seems possible, however, that even if the protoplasm becomes more liquid, a change in the hydrolysis of proteins or other reaction producing loss of volume might slow the motion. In this connection the experiments of Marsland 1° on Elodea are of interest. He found that the rate of motion fell off progressively as the hydrostatic pressure was increased and the protoplasm became more liquid. In this respect Elodea agrees with Amoeba in which Marsland and Brown n found a similar effect. They state that in this respect protoplasm acts like methylcellulose and hence differs from gelatin and agar which show the opposite effect. Harvey TM also found a decrease in the rate of motion in Nitella when the pressure increased slowly. But a sudden decrease of pressure is more apt to cause stoppage of cyclosis than sudden increase.
Nichols 13 obtained a temporary stoppage of movement by inserting and then withdrawing the point of a needle.
The action of a variety of agents has been studied without throwing much light on this question. Some of these are as follows:--Ewart 9 mentions several anesthetics which cause temporary cessation of motion. Among these are chloroform, 14 ether, opium, caffein, antipyrin, muscarin, curare, and eserin.
The mode of action of these substances is not known. If investigation should show that they act by increasing gelation it would be interesting to know to what extent anesthesia is due to gelation in animal ceils. H6rmann 15 studied 9 Ewart, A. J., On the Physics and Physiology of Protoplasmic Streaming in Plants, Oxford, 1903 . 10 Marsland, D. A., J. Cell. and Comp. Physiol., 1939 , 13, 23. u Marsland, D. A., and Brown, D. E. S., J. Cell. and Comp. Physiol., 1942 , 20, 195. 12 Harvey, F,. N., f . Gen. Physiol., 1942 , 25, 855. 13 Nichols, S. P., Bull. Torrey Bot. Club, 1925 , 52, 351. 1, Nichols, S. P., Bull. Torrey Bot. Club, 1930 . 1~ HSrmann, G., Studien fiber Protoplasmastr6mung bei den Characeen, Jena, Gustav Fischer, 1898. the effects of electrical currents on streaming. Ewart 9 has summarized the results of such studies. Hill TM has studied the subject more recently. It is not surprising that electrical stimulation temporarily stops motion in Nitdla since there is a movement of solutes and a great increase in permeabilityfl Currents too weak to cause action currents may also produce stoppage. The reason for this is not clear. It does not seem probable that the streaming is due to electrophoresis since normal motion can continue between two points which have th~ same electrical potential.
According to Heilbrunn and Dougherty ultraviolet light produces a variety of effects on viscosity and on motion in Amoeba. TM Harvey has studied its effects on Amoeba and on Nitdla. ~9 He finds that strong flashes stop streaming temporarily in Nildta accompanied by local or propagated action currents. It is not surprising that when action currents occur the streaming stops as stated above. Weak flashes may also stop streaming temporarily; the reason for this is not clear.
The part played by surface tension in protoplasmic movement is an open question.
The manner in which these and various other agents affect protoplasmic motion needs further investigation.
It may be noted that sudden changes in environment have much more influence on movement than slow changes and are often referred to as shock effects. This is a general phenomenon and by no means confined to protoplasmic streaming.
The question arises whether the mechanism suggested for Nildla applies to other cells. Cyclosis in Elodea appears to resemble that in Nitella (except that often the chloroplasts move with the stream either wholly or in part) and the same explanation probably applies. When Elodea canadensis is exposed to 0.01 x~ lead acetate cyclosis stops. If the reagent is replaced after 15 minutes by water, cyclosis resumes within 10 minutes.
It is well known that strands of protoplasm traversing the large central vacuole of some cells show protoplasmic streaming. It would seem that in such cases the same explanation might apply. It would involve a wave of reaction progressing along the strand causing a change of volume. It seems possible that the motion proceeds in one direction in one strand and in the opposite direction in another in such fashion as to imitate cyclosis. This would also apply to strands of protoplasm adhering to the protoplasmic film surrounding the vacuole.
16 Hill, S. E., Biol. Bull., 1941 , 81, 296. x~ Osterhout, W. J. V., Proc. Nat. Acad. Sc., 1949 , 35, 548. 18 Heilbrunn, L. V., and Dougherty, K., Protoplasm, 1933 , 28, 596. 19 Harvey, E. N., Y. Gen. Physiol., 1941 The behavior of cilia is of interest in this connection. It is evident that a loss of volume on one side of a cilium would cause it to bend 2° and the reverse reaction would cause it to straighten. A similar explanation might apply to the coiling of the stalk of Vorticdla ff the reaction wave followed a spiral path in the stalk. A similar explanation might apply to flagella.
In cell division there is a movement of materials in opposite directions. This might be due to reactions at the opposite ends which involve changes in volume.
The motion of Amoeba has been studied recently by Marsland and Brown u, 21 and by Goldacre and Lorch. ~ According to these authors the motion is associated with changes from sol to gel and vice versa. These changes may depend on the unfolding of protein molecules and the reverse reaction. ~
In Nitella there is normally no indication of changes from sol to gel or vice ~ersa. The process does not seem to resemble the formation of pseudopodia as in Amoeba.
Goldacre and Lorch suggest that the protoplasm in Amoeba may contract like a fibril of actomyosin under the influence of adenosine triphosphate. There is nothing in the streaming of Nitella which suggests this sort of contraction. According to Seifriz protoplasmic motion in general is to be ascribed to contractility of the protoplasm. ~ For a recent account of the effect of electrical currents on cyclosis the reader is referred to a paper by Tobias and Solomon. 24 In conclusion it may be said that intracellular motion may play an important role in plant and animal cells in promoting chemical and physical processes.
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I wish to thank Miss Miriam I. Jacob and Miss L. Copperthwaite for the care and skill they have shown in carrying out these experiments. Sl.r~r~4j~y In Nitella the protoplasm forms a layer about 15 microns thick surrounding a large central vacuole. The outer part of the protoplasm is a gel, the inner layer is a sol which is in continual motion travelling the entire length of the ceil in opposite directions on opposite sides and thus making a complete circuit (cyclosis).
If we have a cell devoid of motion and if we regard the protoplasm in any region as made up of successive portions, A, B, C, D, etc., as we pass from left 20 When the bending occurs first at the tip and then progresses along the cilium, it would appear that a reaction must proceed along the cilium as in Ni~ella.
21 Marsland, D. A., and Brown, D. E. S., J. Cell. and Comp. Physiol., 1936 , 8, 167. 22 Goldacre, R. J., and Lorch, I. J., Nature, 1950 , 166, 497. Seifriz, W., Bot. Rev., 1943 , 9, 49. 2, Tobias, J. M., and Solomon, S., J. Cell. and Camp. Physiol., 1950 to right, we may suppose that a reaction starts in B which results in a temporary loss of volume by electrostriction, so that liquid moves from A to B to fill the void thus created. The same reaction then occurs at C causing liquid to flow from B to C and so on.
The protoplasmic movement can be controlled by agents which affect the viscosity of the protoplasm or the reactions which cause the flow. Certain reagents such as lead acetate stop the flow temporarily.
When the motion is stopped in any region by killing or by applying lead acetate, the motion goes on for a time in adjoining regions. When motion stops in all of the cell or in certain parts, it resumes in the same direction as it had before stoppage occurred. Under normal conditions each of the two sides of the cell (on opposite sides of the white line) has its own characteristic direction of motion which remains unchanged after a temporary stoppage of motion in all parts of the cell. Hence the two sides differ and we have what may be called lateral polarity. There is also longitudinal polarity as the opposite ends of the cell are unlike since shoots grow out at one end and roots at the opposite end.
The explanation suggested to account for motion in Nitdla may apply to other kinds of motion including the motion of cilia and of flagella.
